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A comparative morphological study was performed on the otolith growth patterns of 11 species of the
genusMerluccius. The otolith growth pattern, based on the radius of the ¢rst eight growth increments (GI)
from the otolith core, was determined from transverse sections of sagitta otoliths.The structure and periodi-
city of the GI were identi¢ed based on previous knowledge. Two cluster analyses were performed using GI
width as a proxy for otolith growth. The ¢rst cluster analysis corresponded to the juvenile (immature)
period of the ¢sh including the mean width of the ¢rst four GI. The second analysis compared the mean
width of the next four GI, i.e. those corresponding to mature ¢sh. The results showed an important envir-
onmental in£uence in immature ¢sh; while after maturation, the GI pattern was also related to an
endogenous in£uence depending on the phylogenetic line.
INTRODUCTION
Otoliths are calcium carbonate (aragonite) concretions
found in the membranous labyrinths of most teleost ¢sh.
Otolith growth and formation involves periodic variation
in the deposition and size of their main components (the
organic matrix and calcium carbonate crystals), resulting
in the formation of microscopic and macroscopic growth
increments (Campana & Neilson, 1985).
However, otoliths not only re£ect environmental
change, but also genetic variability. The shape and size of
the saccular otolith (sagitta) shows clear species-speci¢c
and stock-speci¢c characteristics, which allows species to
be identi¢ed and taxonomic relationships between species
to be evaluated (Nolf, 1985).
Consequently, endogenous and exogenous factors exist
that determine not only the growth pattern of the otoliths
but also their overall shape. Gauldie (1988) suggests that
growth increments (GI) are the result of the overall
control of otolith size and shape, designed to maintain
their functionality as sound transducers. Thus, genetic
determinants, ¢xed in the adaptive process, could in£u-
ence otolith growth and morphology.
The aim of the present work was to compare the inter-
speci¢c variability of the GI patterns (increments width)
in the sagitta otoliths of the species of the genus Merluccius
throughout life from a morphological perspective. The
interspeci¢c study of this genus is especially appropriate
for otolith GI patterns, because the phylogenetic position
of the Merluccius species is well known through studies
based on genetic and morphological characters (Ho,
1990; Rolda¤ n et al., 1999; Quinteiro et al., 2000; Grant &
Leslie, 2001). All these studies speak of two well-de¢ned
phylogenetic lines, one formed by Euro-African species,
the other formed by American species. In addition, there
is a relationship between morphology of whole otoliths
and the phylogeny of the genus (Lombarte & Castello¤ n,
1991). Moreover, the ontogenic e¡ects, related to otolith
function, should appear clearly due to the di¡erentiated
species depth distribution with respect to age (Table 1).
Even though there is some degree of overlap between
young and adult individuals, young ¢sh show the
maximum densities in the shallowest range of their distri-
bution, while mature individuals reach deeper areas
(Inada, 1981; Recasens et al, 1998).
MATERIALS AND METHODS
The study was performed with representative samples
from 11 species of the genus Merluccius, following the classi-
¢cation proposed by Inada (1981). For each species, only
sagitta otoliths that showed at least eight growth incre-
ments were analysed (Table 1). Left-hand otoliths were
transversely sectioned using standard techniques (Torres
et al., 1996). Once the otolith section was digitized, the
selected radius was measured and the translucent GI
detected. Distances (mm) from the core to each GI were
measured and the increment width calculated, taking into
account the opaque and contiguous translucent growth
increments together. No more than eight GI were analysed
to avoid excessive reduction of the sample size. In conse-
quence, the number of samples at each increment is the
same. A data matrix was made with the 11 Merluccius
species as rows and GI width as columns (Table 2).
Cluster analyses with this matrix were performed in order
to establish species groups. Linear correlation, that shows
a high sensibility to pattern changes, and the UPGMA
aggregation algorithm were used (Sokal & Rohlf, 1962)
since the results yield a high cophenetic coe⁄cient.
Hake biology has been extensively studied due to its
relevance in ¢sheries, based on this knowledge the two
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¢rst clear GI in otoliths were not considered as annual,
also it is known that hake reach maturity at 3^4 years of
age (Nelson & Larkins, 1970; Bezzi et al., 1995; Morales-
Nin et al., 1998, inter alia). From this moment on, otolith
shape is well de¢ned, allowing classi¢cation at the species
level (Lombarte & Castello¤ n, 1991). So, two di¡erent
cluster analyses were performed:
1. Analysis of the ¢rst four mean GI widths (pelagic ring
(PR), demersal ring (DR), 1st annulus (R1) and 2nd
annulus (R2)) corresponding to the juvenile period.
2. Comparison of the mean width of the next four GI (3rd
annulus (R3), 4th annulus (R4), 5th annulus (R5) and
6th annulus (R6)) corresponding to the adult period
(during and after the ¢rst period of maturity).
RESULTS
Otolith growth pattern
All species showed some common features with respect
to the otolith growth pattern, as indicated by the GI
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Table 1. Number (N) ofMerluccius otoliths analysed, geographical origin of specimens, depth distribution and temperature range
by species, and depth distribution and temperature in juvenile area. Mean temperatures are based in Levitus (1982) database.
Species N Geographical area
Depth distribution
(m)
Temperature
(8C)
Juvenile
depth range
(m)
Juvenile area
temperature
(8C)
M. albidus 12 Gulf Stream (USA) 100^1100 10^18 200^400 14^16
M. australis 23 SE Paci¢c (Chile) 50^800 4^9 200^300 6^8
M. bilinearis 7 NW Atlantic (Canada) 50^700 5^12 80^200 8^10
M. capensis 10 SE Atlantic (Namibia) 50^400 8^13 100^200 10^11
M. gayi 17 SE Paci¢c (Chile) 50^600 6^12 100^200 10^11
M. hubbsi 10 SW Atlantic (Argentina) 50^500 5^12 100^200 9^11
M. merluccius 8 Mediterranean (Catalonia) 50^1000 10^15 100^200 12^13
M. paradoxus 9 SE Atlantic (Namibia) 150^1000 4^9 200^400 7^9
M. polli 8 E Atlantic (Guinean Gulf) 100^600 6^14 200^300 9^10
M. productus 6 NE Paci¢c (Canada) 50^1000 4^8 100^300 6^8
M. senegalensis 10 NE Atlantic (Mauritania) 50^500 6^13 100^300 9^10
Table 2. Means and standard deviations of ¢rst eight growth increments width from theMerluccius studied species.
Width (mm)
Species PR DR R1 R2 R3 R4 R5 R6
Means
M. albidus 0.26 0.18 0.26 0.28 0.28 0.31 0.30 0.27
M. australis 0.25 0.17 0.21 0.20 0.21 0.21 0.19 0.19
M. bilinearis 0.25 0.14 0.18 0.19 0.23 0.22 0.24 0.21
M. capensis 0.25 0.18 0.22 0.28 0.23 0.23 0.19 0.18
M. gayi 0.23 0.16 0.19 0.24 0.25 0.22 0.24 0.19
M. hubbsi 0.24 0.19 0.21 0.24 0.25 0.21 0.20 0.18
M. merluccius 0.26 0.17 0.30 0.27 0.26 0.24 0.23 0.24
M. paradoxus 0.27 0.17 0.21 0.23 0.20 0.19 0.17 0.17
M. polli 0.24 0.16 0.21 0.25 0.24 0.21 0.15 0.17
M. productus 0.25 0.16 0.19 0.20 0.21 0.20 0.24 0.16
M. senegalensis 0.23 0.18 0.18 0.21 0.21 0.20 0.16 0.15
PR DR R1 R2 R3 R4 R5 R6
Standard deviations
M. albidus 0.07 0.10 0.09 0.06 0.10 0.13 0.08 0.08
M. australis 0.08 0.10 0.12 0.11 0.10 0.09 0.06 0.09
M. bilinearis 0.08 0.07 0.11 0.10 0.11 0.10 0.06 0.04
M. capensis 0.06 0.07 0.09 0.08 0.06 0.11 0.04 0.05
M. gayi 0.08 0.08 0.08 0.10 0.09 0.11 0.08 0.06
M. hubbsi 0.10 0.10 0.10 0.10 0.10 0.08 0.06 0.03
M. merluccius 0.08 0.09 0.19 0.09 0.12 0.09 0.03 0.04
M. paradoxus 0.07 0.08 0.07 0.12 0.07 0.06 0.05 0.05
M. polli 0.06 0.11 0.07 0.08 0.08 0.06 0.02 0.02
M. productus 0.06 0.08 0.09 0.15 0.11 0.09 0.03 0.03
M. senegalensis 0.07 0.09 0.08 0.09 0.09 0.07 0.03 0.05
PR, pelagic ring; DR, demersal ring; Rn, annuli.
widths (Table 2). While pelagic GI (PR) and those of the
2nd (R2) and 3rd annulus (R3) were the widest GI, the
width between the PR and DR was narrow in all species.
PR and DR widths had a lower standard deviation than
the other GI.
Cluster analysis of growth increments width
The two cluster analyses showed a high cophenetic
correlation coe⁄cient (CCC) (between 0.71 and 0.86)
and a low chaining (C) (between 0.31 and 0.44), which
indicated that valid groupings had been detected.
The multivariate analysis of the ¢rst four GI width
(Figure 1) showed three groups of species. The minimum
correlation (MC) between groups was 0.71. Group A was
formed by Merluccius albidus and M. merluccius, character-
ized by having greater average values of GI width in the
1st (R1) and 2nd annuli (R2) (Table 2). Group B was
formed of M. capensis, M. gayi, M. hubsii and M. polli, and
was characterized by having intermediate values of GI
width in the juvenile period (Table 2). Group C was
formed by M. australis, M. bilinearis, M. paradoxus,
M. productus and M. senegalensis, and was characterized by
having the thinnest GI in the 1st (R1) and 2nd (R2)
annuli (Table 2).
Analysis of the R3 to R6 GI width showed a very
di¡erent pattern (Figure 2). Two, clearly separate groups
were observed and the linear correlation between them
was low (MC¼0.18). Group A contained the species
M. albidus, M. bilinearis, M. gayi and M. productus, and was
characterized by having very homogeneous GI width
between the 3rd (R3), 4th (R4) and 5th (R5) annuli.
However, the 6th annulus (R6) showed an important
decrease in width in all species of group A (Table 2).
Group B, formed by M. australis, M. capensis, M. hubsii,
M. merluccius, M. paradoxus, M. polli, and M. senegalensis,
was characterized by a decrease in growth from R3 to R6
(Table 2).
DISCUSSION
There are several abiotic and biotic characteristics of
the particular niche occupied by each Merluccius species
that in£uence the growth of the otolith (Morales-Nin,
1987; Secor & Dean, 1989), which is closely related to the
temperature and depth (Simkiss, 1974; Secor & Dean,
1989). Species or populations from more temperate waters
have relatively larger and heavier otoliths than those from
cold water (Gauldie, 1993; Lombarte & Lleonart, 1993;
Torres et al., 2000). However, a certain uncoupling in rela-
tion with external factors exists due to stability in the
otolith growth (Mosegaard et al., 1988).
This study is the ¢rst attempt to relate the inner growth
patterns of the otoliths to genetic and environmental
factors. Our hypothesis is that they re£ect the overall
otolith growth along time and thus, they can provide an
accurate record of otolith development. The results refer-
ring to the ¢rst otolith growth period, which includes the
initial phases of life up to two years of age corresponding
to juveniles, suggest that environment is the main in£uence
upon otolith GI width. The maximum juvenile abundance
is located between 100 and 300 m on the continental shelf
and upper slope (Inada, 1981). Thus, the greater otolith
growth observed in Merluccius albidus and M. merluccius,
from the Gulf Stream and the western Mediterranean
respectively, could be related to development in warmer
waters. Merluccius albidus is bound to the warm current of
the Gulf with a temperature at the recruitment depth
(200m) ranging between16 and188C (Inada,1981; Levitus,
1982), while M. merluccius lives in Mediterranean waters
with very little seasonal temperature variation, and with
recruitment areas at about 150 m and water temperatures
of around 138C (Recasens et al., 1998). The species with
average width GI, such as M. capensis, M. gayi and
M. hubsii, are characterized by their belonging to shallow
waters and by being bound to cold currents (Inada, 1981;
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Figure 1. Cluster analysis (linear correlation, UPGMA)
indicating relationships shown by the four ¢rst growth
increments width (PR to R2) of the sagittae. Cophenetic
correlation coe⁄cient, CCC= 0.71. Chaining, C¼0.31.
Minimum linear correlation, MC¼0.71. PR, pelagic ring;
DR, demersal ring; Rn, annuli. The species of the Euro-
African group are indicated in bold.
Figure 2. Cluster analysis (linear correlation, UPGMA)
indicating relationships shown by the four next growth
increments width (R3 to R6). Cophenetic correlation
coe⁄cient, CCC¼0.86. Chaining, C¼0.44. Minimum linear
correlation, MC¼0.18. PR, pelagic ring; DR, demersal ring;
Rn, annuli. The species of the Euro-African group are
indicated in bold.
Levitus, 1982). Merluccius polli, which shares a cluster with
the three previous species, lives in deeper, equatorial
waters (Ramos-Martos & Ferna¤ ndez-Peralta, 1995). The
temperature of the recruitment areas of the four species
ranges between 8 and 118C (Levitus, 1982). The group
formed by M. australis, M. bilinearis, M. paradoxus,
M. productus and M. senegalensis, which have the smallest
width between the ¢rst four GI, are found in cold waters
and/or at greater depths than the other members of the
genus. The temperature range of the recruitment areas of
the four species is between 6 and 108C (Nichy, 1969;
Nelson & Larkins, 1970; Botha, 1971; Inada, 1981; Levitus,
1982; Aguayo-Herna¤ ndez, 1995; Bezzi et al., 1995; Gordoa
et al., 1995; Methot & Dorn, 1995; Ramos-Martos &
Ferna¤ ndez-Peralta, 1995). In each of the three groups
there are species that correspond to the two phylogenetic
lines (Euro-African and American). The thinner width of
the second ring (DR), corresponding to the transition
from pelagic to demersal habitat, might be due to a
shorter formation period and physiological stress related
to habitat and dietary change (Morales-Nin, 1986).
Analysis of the widths between the 3rd (R3) and 6th
(R6) GI shows a very di¡erent classi¢cation pattern to
that of the ¢rst four GI. Based on this, two groups of
species can be distinguished. One is formed exclusively by
American species (M. albidus, M. bilinearis, M. gayi and
M. productus), and is characterized by having very similar
widths between the 3rd (R3) and 5th (R5) annuli. The
second group includes all the species of the Euro-African
group (M. capensis, M. merluccius, M. paradoxus, M. polli and
M. senegalensis), as well as two more southern American
species (M. australis and M. hubsii). All are characterized
by a continuous decrease in the thickness of the most
external GI. Both groups show great heterogeneity in
relation to environmental parameters. This partially
re£ects the two phylogenetic lines (Euro-African and
American) of the genus (Ho, 1990; Grant & Leslie, 2001).
In support of the genetic in£uence on otolith growth, it is
necessary to stress that two pairs of closely related species,
such as M. polli^M. paradoxus, and M. senegalensis^
M. capensis (Rolda¤ n et al., 1999), show very similar
growth patterns. However, the grouping of the two
southern American species with their Euro-African coun-
terparts indicates other factors might a¡ect otolith growth.
The results suggest that the importance of phylogenetic
and environmental in£uences vary depending on the life
phase of the ¢sh and their ontogenic development. The
existence of a possible relationship between the GI
pattern and the phylogenetic line might support the
hypothesis of a genetic control for otolith growth
(Gauldie, 1988).
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